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A comprehensive analysis of the bovine spongiform encephalopathy (ME) epidemic in cattle in 
Great Britain assesses past, present and future patterns in the incidence of infection and 
disease, and allows a critical appraisal of different culling policies for eradication of the 
disease. 

IN March 1996 the Spongrform Encephalopathy Advisory Com- 
mittee (SE.40 of the Department of Health (DoH) and Ministry 
of Agriculture, Ftshertes and Food (MAFF) m the Unrted King- 
dom reported to government that the most hkely explanation at 
present for the occurrence of 10 cases (now 12 confirmed cases)],r 
of an apparently new variant of the rare but lethal Creutzfeldtr 
Jakob disease (CJD) in humans was exposure to the aetiologrcal 
agent of BSE (believed to be an abnormal form of the prion 
protem(PrP)‘) before regulations were Introduced to prevent any 
part of cattle with clinrcal signs (1988) and specified offal from all 
cattle cntermg the human food chain (1989)“‘. This announce- 
ment trrggered a crists in Europe, both m consumer confidence m 
beef and beef products, and IJI relations hetwcen the member 
states of the European Union. 

An analysis is presented of the key eprdemiological processes 
that have shaped the pattern of the BSE epidemic in Great 
Brrtain, and of the demography of the cattle population, using 
new data on the mcubation period of the disease and the rate of 
maternal transmisston from mfected dam to a new-born calp. 
Mathematical models are used to derive esttmates of the age- 
strattfied incidence of Infection in cattle over time and the likely 
Impact of various culhng policres’ ‘on the incidence of BSE in the 
coming years. 

Origins and time course of the epidemic 
Current evrdence suggests that the dtsease orrginated from sup- 
plementary feed contammg meat and bone meal (MBM) con- 
taminated by a scrapie-hke agent derived from sheepor cattle (the 
oral route of infection for scrapie-like agents has been demon- 
strated experimentallyx”). lnfecttvity is thought to be facilitated by 
changes m the early 1980s in the method of rendering of offal into 
meat and bone meal’“. Legrslation was Introduced in June 1988 to 
make BSE a notifiable disease. Shortly afterwards a statutory ban 
on the feeding of ruminant-derived protem to rummants and 
regulations for the compulsory destructton of all animals exhibit- 
mg signs” were introduced. By June 1996, 161.412 confirmed 
cases of BSE had been reported inI Great Brttarn The pattern of 
the eprdemic remams consistent wrth the hypotheses that the vast 
maJortty of cases arose by Infection with contaminated feed (feed- 
borne hypotheses)” Ih. It remains possrble. however, that other 
routes of transmisston may occur Infrequently, in particular 
matcrn;tl transmission from dam to calP. 

In contrast to studres of transm,lssthle spongiform encephalo- 
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pathies (TSEs) in rodent modelsn, sheep and goats’~“, to date 
there is no evidence that cattle genotype influences the suscept- 
ibrhty or average duration of the incubation period of BSEZ’-23, 
although this remains a possibility. There is much geographical 
heterogeneity in the incidence of BSE per head of cattle in Great 
Britain (Fig. lg), probably because of variation in the past use of 
meat and bone meal in supplementary feedstuffs, geographical 
variation in the proportion of meat and bone meal produced by 
rendering plants, and variation in the use of hydrocarbon-solvent 
extraction procedures (the use of which is thought to reduce the 
likehhood of agent survival)“. 

The observed epidemic pattern is influenced by under-report- 
ing before the disease became notrfiable in June 1988 (a degree of 
under-reporting may have continued for one or two years after 
this) and the short average reporting delay (approximately 3 
months) which influences the most recent records (Fig. lb). Our 
analyses exclude recent reports influenced by the delay. The rapid 
growth of the epidemic from 1986 to 1991 is consistent with 
recycling of contaminated material in the ruminant feed cham 
fuelling transmission before July 1988. The lag after this period 
before the incidence of disease decays is consistent with the 
hypothesis of a long average incubation penod (4-6 years)24,25 
(Fig. la). Examination of the age distribution of the incidence 
of disease in cohorts of animals of defined birth years, under the 
assumption that most animals acquire infection soon after birth, 
suggests a mean incubation period of approximately 5 years, with 
marked variation around the average but little variation between 
cohorts (Fig. 2a). An inspection of the cohort data on propor- 
tional incidence by age (Fig. 2b) reveals a trend for the average age 
at clinical onset to decrease within the cohorts born in 1977 to 
those born more recently. This pattern provides evidence that 
infection of older animals (~5 years of age) is possible through 
contaminated feedzh. It is also consistent with the hypothesis of 
recycling fuelling the pace of the epidemic, where a raised 
transmission intensity reduces the average age at infection*‘. 

Epidemiological parameters 
To estrmate longrtudinal trends in the incidence of infection (as 
opposed to disease, when clinical signs are exhtbited), a series of 
key epidemiological parameters must be determined and their 
relationship with demographic variables ascertained. We exclude 
consideration of the influences of host genotype and changes in 
the nature of the infectious agent over time. In rodent models, 
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- FIG. 1 a, Longttudtnal trend In the W  
rnctdence of confrrmed BSE cases 
per half year from 1986 to the ftrst 
half of 1996. Note that the number 
for the first half of 1996 WIII rise once 
reporhng delays are taken Into 
account (see b). b, Drstnbutron of 
the reportrng delay from dragnosrs to 
entry on the Central Veterinary 
Laboratory BSE database for con- 
ftrmed cases (mean, 3.1 months). 
c, Number of cattle (all ages) and 
calves up to 12 months old In Great 
Bntatn from 1974 to 1995 (data 
from MAFF49 5o and The Scothsh 
Offrce5’ 53 for 30 June each year; 
these data exclude small holdrngs). 
Numbers of calves are used as 
inputs for the demographic model. 
d, Estrmated survtvorshrp functron 
for cattle showrng probabrlrttes of 
survival to each age, S(u), estrmated 
usrng standard method? wrth data 
on age structure for 1982, 1988, 
1989, 1991 and 1994 (e) and cor- 
rectrng for decltnrng herd srze by 
scaling by the srze of the brrth 
cohort (data from MAFFdg5’, The 
Scottish Offrce51m53 and Milk Market- 
trig Board55, assumingaverage rnter- 
calf Interval of 12.5 month??. Estr- 
mated S(u) values do not vary srg- 
niftcantly through trme, and 
geometric mean values (shown 
here) are used throughout. e. Estr- 
mated age structure of the Bnhsh 
cattle herd rn 1994. Note the sub- 
stanhal loss through slaughter 
between ages 2 and 3 years. Data 
are the same as rn d. f, Kaplan- 
Merer curves based on unpubltshed 
research on the duration of the rncu 
batron period of BSE in cattle dosed 
orally wrth a range of varyrng quan- 
titles of brarn from anrmalsexhrbrtrng 
clrnrcal signs (sample sizes: 10, lg; 
9, log; 10.1oog; 10.3 x loog). g, 
Spatial drstnbutron of the rncrdence 
of BSE per head of cattle from 
1986-95 by county 

a 

- 

‘lea, 

C d 

where scrapie prions passaged in one species are inoculated into 
another, recycling of mfection can act to reduce the incubatron 
period of the disease”“. 
Age-dependent exposure and susceptibility. Changes in the mcr- 
dence of infectron over time, and by host age, depend on the age- 
dependent rates of exposure and susceptibrlity (together given by 
probability density function g(a)), weighted by trme-dependent 
levels of exposure (dose of aetiologrcal agent). K(t). The latter IS 
influenced by recycling of BSE-infected tissues in MBM before 
1988 and the degree to which the feed ban was effective after 1958. 
The age-dependent rate of exposure reflects the age-dependent 
Intake of supplementq feed comtaming MBM. Supplementary 
feed 15 used m both dairy and beef herds, although management 
practrces vary considerably between the two (over 90% of BSE 
cases orrr$nate m darry or mused herds). In herds where supple- 
mentary leed IS given to calves. intake rises with age for the first 
two years. although rt varies ,rccordmg to season and is highest 
during the winter In many herds. Intake is highest in cows over 
h\o years old tlowcver. the epidemiologrcal data on clrnical onset 

by age, taking account of the long incubation period of BSE, suggest 
that most, but not all, infection occurs during the first two years of 
life. Thus there may be age-dependent susceptibility to infection. 
For TSEs in rodent models, some experimental data hint at 
decreasing susceptibility with age*‘, although other data show an 
opposite effect”; experimental evidence for BSE in cattle is not 
yet available. The major changes in the immunology and physiology 
of the intestinal tract that occur in cattle as they age”,” may well 
lead to (perhaps complex) age-related changes in susceptibility. 
Incubation period. Interim results from recent experimental 
studies involving the oral dosing of cattle of known age with 
varying doses of brain from cattle affected with BSE (lg, log, 
IOOg and 3 x IOOg) (Fig. If) point to a dose-dependent incubation 
period, with a relatively small variance which also depends on 
dose. Across all doses, a range of 3-5 years is apparent, which will 
be increased once the surviving animals with longer incubation 
periods are included. The degrees to which animals at different 
stages of the incubation period are Infectious to cattle through 
contammated feed, to offspring born to infected dams, and to 
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1986 1988 1989 

Incidence 

No cases 
< 0.001 

0.001 - 0.002 
0.002 - 0.003 

0.003 - 0.004 
0.004 - 0.005 

> 0.005 
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F IG . 2  a . A g e  d l s tn b u ti o n  o f c o n fi rm e d  c a s e s  o f B S E  b y  b rrth  y e a r c o h o rt, b , 
F ra c tto n  o f B S E  c a s e s  In  e a c h  a g e  c l a s s  fo r b i rth  c o h o rts  1 9 7 7 -1 9 9 0 . 

h u m a n s  th r o u g h  c o n ta m i n a te d  fo o d  a r e  k e y  q u e s ti o n s . U n l i k e  
s c r a p i e  i n  m i c e , w h e r e  b o th  s p l e e n  a n d  b r a i n  a r e  In fe c ti o u s , 
d e te c ta b l e  ti tre s  o f a b n o rm a l  p r r o n  s e e m  to  b e  l i m i te d  to  b r a i n , 
c e r v i c a l  s p i n a l  c o r d . te rm i n a l  s p i n a l  c o r d , r e ti n a  a n d  p o s s i b l y  
d i s ta l  Il e u m  i n  c a ttIe ’7 ”‘3 4  E x p e r n n e n ta l  s tu d i e s  o f T S E s  i n  a n i m a l  
m o d e l s , h o w e v e r, s u g g e s t th e  p o s s i b i l i ty , th a t i n fe c ti v i ty  w i l l  
c h a n g e  m a r k e d l y  o v e r  th e  i n c u b a ti o n  p e r i o d . D e te c ta b l e  ti tre s  
o f r e p l i c a ti n g  a b n o rm a l  p r i o n  i n  th e  b r a i n  m i g h t r i s e  e x p o n e n ti a l l y  
i n  th e  s e c o n d  h a l f o f th e  i n c u b a ti o n  p e r i o d  (th e s e  p l a te a u  m u c h  
e a r l i e r  i n  s p l e e n  a n d  l y m p h  n o d e s ”‘. a n d  m a y  d e c l i n e  s u b s e -  
q u e n tl y ’“), w i th  v e r y  h i g h  l e v e l s  a fte r  c l m i c a l  s i g n s  h a v e  d e v e l -  
o p e d ”  F o r  B S E  m  c a ttl e , th e r e fo r e , h i g h  i n fe c ti v i ty  m a y  b e  
r e s tri c te d  to  th e  l a tte r  s ta g e  o f th e  i n c u b a ti o n  p e r i o d  w i th  a  
p e a k  w h e n  c l i n i c a l  s i g n s  o f d i s e a s e  a p p e a r. 
D e m o g r a p h y  o f c a ttl e  i n  G r e a t B r i ta i n . T h e  n u m b e r  o f c a ttl e  i n  
G r e a t B r i t a i n  h a s  s te a d i l y  fa l l e n  fro m  1 3 .6  m r l h o n  i n  1 9 7 4  to  9 .5  
m d l i o n  i n  1 9 9 5  ( F IN . Ic ). a n d  W III d e c r e a s e  fu rth e r  a s  a  r e s u l t o f 
n e w  c u l l i n g  m e a s u r e s  to  c o n tro l  B S E . R e c r u i tm e n t h a s  a l s o  
d e c l i n e d  d u r i n g  th u s  p e r r o d  ( F i g . l c ). F r o m  th e  a g e  s tru c tu r e  o f 
th e  h e r d  i n  d rffe r e n t y e a r s  i t i s  p o s s i b l e  to  e s ti m a te  th e  a g e - s p e c i fi c  
s u r v i v o r s h i p  fu n c tro n  ( F i g . In ), w h i c h  g i v e s  a n  e s ti m a te d  l i fe  
e x p e c ta n c y  a t b i rth  o f 3 .0  y e a r - s  O v e r a l l , th e s e  d e m o g r a p h r c  
p a tte r n s  h a v e  c a u s e d  a  s m a l l  In c r e a s e  m  th e  m e a n  a g e  o f th e  

7 8 2  

n a ti o n a l  h e r d  d u r i n g  th e  B S E  e p i d e m i c . B e tw e e n  th e  a g e s  o f 2  a n d  
3  y e a r s , a  l a r g e  fra c ti o n  o f a n i m a l s  a r e  s l a u g h te r e d  fo r  c o n s u m p - -  
ti o n  ( F i g  l e ). T h o s e  n o t s l a u g h te r e d  a t th a t ti m e  a r e  k e p t fo r  
b r e e d i n g  a n d /o r  m i l k  p r o d u c ti o n  u n ti l , o n  a v e r a g e , th e y  a r e  5 - 6  
y e a r s  o l d . A l m o s t a l l  c a ttl e  s l a u g h te r e d  ( i n c l u d i n g  th o s e  fro m  
d a i r y  h e r d s )  p r o v i d e d  b e e f a n d  b e e f p r o d u c ts  fo r  h u m a n  c o n - 
s u m p ti o n  u n ti l  th e  r e c e n t b a n  o n  c a ttl e  a g e d  o v e r  3 0  m o n th s . A g e .- 
s p e c i fi c  s l a u g h te r  r a te s  a r e  e s s e n ti a l  to  th e  i n te r p r e ta ti o n  o f th e  
B S E  e p i d e m i c  a n d  a n y  a s s o c i a te d  r i s k s  to  h u m a n s  o f i n fe c te d  
a n i m a l s  e n te r i n g  th e  h u m a n  fo o d  c h a i n . G i v e n  a n  i n c u b a ti o n  
p e r i o d  o f 5  y e a r s , a n  a v e r a g e  a g e  o f i n fe c ti o n  o f a b o u t 1  y e a r, a n d  a  
l i fe  e x p e c ta n c y  a t b i rth  o f 3  y e a r s , i t c a n  b e  s e e n  th a t m o s t a n i m a l s  
a c q u i r i n g  i n fe c ti o n  d o  n o t s u r v i v e  l o n g  e n o u g h  fo r  B S E  to  
d e v e l o p . G i v e n  th a t i n fe c ti v i ty  o f ti s s u e s  fro m  a n i m a l s  i n fe c te c l  
w i th  th e  B S E  a g e n t m a y  d e p e n d  o n  ti m e  s i n c e  i n fe c ti o n , a n y  r i s k  
a s s e s s m e n t fo r  h u m a n s  m u s t i n c l u d e  th e  d i s t r r b u ti o n  o f s l a t& -  
te r e d  i n fe c te d  a n i m a l s  b y  ti m e  s i n c e  i n fe c ti o n  a n d  a n y  c h a n g e s  
th e r e i n  o v e r  th e  c o u r s e  o f th e  e p i d e m i c ., 
M a te r n a l  a n d  h o r i z o n ta l  tra n s m i s s i o n . T o  d a te  n o  e v i d e n c e  
e x i s ts  to  s u p p o rt th e  n o ti o n  th a t th e  B S E  a g e n t c a n  b e  tra n s m i tte d  
h o r i z o n ta l l y  e i th e r  th r o u g h  c l o s e  c o n ta c t b e tw e e n  s u s c e p ti b l e  a n d  
i n fe c te d  a n i m a l s  o r  th r o u g h  c o n ta m i n a te d  p a s tu r e 1 6 . T h i s  r o u te  
c a n n o t b e  e l i m i n a te d , g i v e n  e v i d e n c e  fo r  th e  c l u s te r i n g  o f c a s e s  i n  
i n d i v i d u a l  h e r d s , b u t th e  o v e r a l l  e p i d e m i o l o g i c a l  p a tte r n  o f i n fe c -  
ti o n  a n d  th e  p a tte r n  o f d e c a y  i n  th e  e p i d e m i c  a fte r  th e  fe e d  b a n  
a r g u e  a g a i n s t i ts  o c c u r r e n c e  a t a  l e v e l  h i g h  e n o u g h  to  i n fl u e n c e  
m a te r i a l l y  th e  c o u r s e  o f th e  e p i d e m i c . M a te r n a l  tra n s m i s s i o n  i s  
th o u g h t to  o c c u r  i n  s c r a p i e ’* ,  a n d  h o r i z o n ta l  tra n s m i s s i o n  m u s t 
a l s o  o c c u r  o w i n g  to  th e  l o n g -te rm  p e r s i s te n c e  o f th e  d i s e a s e , a n d  
s o  th i s  r e l e v a n c e  to  th e  i n te r p r e ta ti o n  o f th e  B r i t i s h  B S E  e p i d e m i c  
h a s  l o n g  b e e n  r e c o g n i z e d 4 . A  r e c e n t c o h o rt s tu d y  th a t m o n i to r e d  
c a l v e s  b o r n  to  i n fe c te d  d a m s  p r o v i d e d  c l e a r  e v i d e n c e  o f m a te r n a l  
tra n s m i s s i o n  w i th  a  p r o b a b i l i ty  o f 1 0 .6 %  a n d  a  9 5 %  c o n fi d e n c e  
i n te r v a l  o f 5 .7 - 1 5 .6  ( n  =  S 4 6 ) h . T h e  In fe c ti o n  r a te  fo r  c a l v e s  b o r n  
to  d a m s  o v e r  th e  e n ti r e  i n c u b a ti o n  p e r i o d  ( 5  y e a r s  o n  a v e r a g e )  
m a y  b e  l o w e r  (fo r  e x a m p l e , i f th e  r a te  i s  1 0 %  o v e r  th e  l a s t h a l f-y e a r  
o f i n c u b a ti o n  a n d  c l o s e  to  z e r o  b e fo r e  th a t ti m e , th e  a v e r a g e  r a te  
o v e r  a  fi v e - y e a r  i n c u b a ti o n  p e r i o d  1 s  1 %  i f th e  b i rth  r a te  1 s  
c o n s ta n t). T h e  r e s u l ts  o f th e  c o h o rt s tu d y  p r o v i d e  n o  e v i d e n c e  
th a t th e  i n c u b a ti o n  p e r i o d  fo l l o w i n g  m a te r n a l  tra n s m i s s i o n  i s  
d i ffe r e n t to  th a t a r i s i n g  fo l l o w i n g  fe e d - b o r n e  i n fe c ti o n  (th e  
m e a n  p e r i o d  fro m  th e  m a te r n a l  s tu d y  i s  5  y e a r s ; r e f. 6 ). 

T r e n d s  i n  th e  i n c i d e n c e  o f i n fe c ti o n  
In  th e  a b s e n c e  o f a n  i n  v w o  d i a g n o s ti c  te s t to  d e te c t i n fe c ti o n , 
b a c k - c a l c u l a ti o n  m e th o d s  u s i n g  o b s e r v e d  tre n d s  i n  th e  i n c i d e n c e  
o f d ts e a s e , a n d  a  k n o w l e d g e  o f th e  d i s tri b u ti o n  o f th e  i n c u b a ti o n  
p e r i o d 3 9 ,4 0 , p r o v i d e  th e  o n l y  m e th o d s  a v a i l a b l e  to  e s ti m a te  tre n d s  
i n  th e  i n c i d e n c e  o f n e w  i n fe c ti o n s . T h e y  s h o u l d  ta k e  i n to  a c c o u n t 
th e  d e m o g r a p h y  o f th e  h o s t s p e c i e s  ( a g e - s p e c i fi c  s u r v i v o r s h i p  o f 
c a ttl e  a n d  c h a n g e s  i n  r e c r u i tm e n t o v e r  trm e ), th e  m a te r n a l  a n d  
fe e d - b o r n e  tra n s m ts s i o n  r o u te s , a n d  th e  a g e - d e p e n d e n t e x p o s u r e / 
s u s c e p ti b i l i ty  to  i n fe c ti o n . S i m p l e  p r o j e c ti o n  m e th o d s  c a n  b e  u s e d  
to  p r e d i c t fu tu r e  tre n d s  i n  c a s e s  o f B S E 2 5 ,4 ’, b a s e d  o n  p a s t tre n d s  i n  
y e a r l y  c o h o rts , b u t th i s  a p p r o a c h  d o e s  n o t p r o v i d e  i n fo rm a ti o n  o n  
th e  p a tte r n  o f i n fe c ti o n , w h i c h  i s  c r u c i a l  to  th e  fu l l  a s s e s s m e n t o f 
th e  c u r r e n t a n d  fu tu r e  p a tte r n  o f th e  e p i d e m i c . O u r  a n a l y s e s  a r e  
b a s e d  o n  a  m o d e l  o f th e  fo l l o w i n g  s tru c tu r e . w h e r e  c ( u , tr,) d e fi n e :s  
th e  p r o b a b i l i ty  d e n s i ty  fu n c ti o n  ( P D F )  fo r  th e  o n s e t o f B S E  a t a g e  
1 1  fo r  a n  a n i m a l  b o r n  a t ti m e  r,: 

c ( u .fo )  =  P ( 4 , +  U P ( U )  

x  ( 1 1  -m 1 6 ’T , K ( k l  +  a k - ( a l f(u  - -  a &  +  ~ ( k l l f(u )  >  

w h e r e  n (f,) i s  th e  p r o b a b d i ty  th a t a n  a n i m a l  b o r n  a t ti m e  1 , i .s  
m a te r n a l l y  i n fe c te d , S ( z l )  IS  th e  a g e - d e p e n d e n t c a ttl e  s u r v i v o r s h i p  
fu n c ti o n . & a )  i s  th e  P D F  fo r  a g e  a t i n fe c ti o n , K ( r )  i s  th e  ti m e -  

N A T U R E  V O L  3 8 2  2 9  A U G U S T  1 9 9 6  
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d e p e n d e n t  feed-risk function,f(i) IS the PDF for the mcubatton 
period. a n d  ,,(I) is the probablltty that a  case d t a g n o s e d  at time t 
was  reported (to take account of under-report ing) (see l e g e n d  to 
FIN. 3  for mclre detatl) T h e  probabthty x(tn) c a n  b e  expressed a\ 

whe r e  F is the probability that a  calf b o r n  to a n  Infected d am IS 
itself Infected, F a n d  G  (see l e g e n d  to Fig. 3) are two operators 
u s e d  to calculate maternal infection from a  d am infected by f e e d  
a n d  maternal infection by a  d am herself maternally infected, 
respectively, a n d  n  IS the generat i on n umber  for successive 
r o u n d s  of maternal infection. (In the time scale of the epidemic 
a n d  for E <  1, the effect of second- or htgher-order generat i on 
terms in the maternal transmission function are likely to b e  
negligible). Maximum-likelihood method s  are u s e d  to estimate 
the variance of the incubation pe.riod (but not the mean), the a g e -  
d e p e n d e n t  infection rate, a n d  the t ime-dependent feed-risk func- 

400 n New lnfecilons~ 

mcases 

1980 1983 1986 1989 1992 1995 

\ 

r” 0.06 

I; 2  
g 0.04 

0 02 

0 00 ik -i 
0 2 4 6 8 10 12 14 0 2 4 6 8 IO 12 14 

Years since infection Age at 1nfec11on 

FIG. 3  a, Estimated trends tn the rncrdence of Infectron, disease (per year) 
a n d  the total n umber of Infected cattle at the year e n d  for Great Bntatn. T h e  
9 5% confidence Intervals (shown) were calculated from the hypercube 
obta ined from the bounds of the unrvanate ltkelrhood ratto confidence 
Intervals, under the assumptron that feed risk drops to zero by July 1996. 
(The arrow rndrcates the year of the statutory b a n  of the feedrng of 
rumrnant-derived protein to rumrnanlts a n d  the rntroductron of legislation 
makrng BSE a notifiable drsease, w&h compulsory destructton of all animals 
exhrbrttng srgn?.) b, T h e  proportrons of infections a n d  cases of BSE that 
are predicted to arise from maternal transmrssron (a rate of 1 0% over the 
last half year of the rncubatron period). T h e  operators F a n d  G used In the 
defrnrtron of n(to) (see text) are def ined as follows (v be i ng any univanate 
functron, y(x)): 

z _ to 

tton (see l egends to Figs 3  a n d  4). Ilnfortunately, many  para- 
meters must b e  estimated in connectton with the likelihood of 
f e e d - b o r n e  mfectton, using the age-structured notification records 
over time (data arise from a  multinomral distribution wh e n  v i ewed 
by cohort a n d  dtvtded into yearly a g e  classes). Thus the likelihood 
was  maximtzed for various assumpttons a b o u t  the functionasl 
forms of K(r), g(u) andf(r), given information o n  S(u), e  a n d  thle 
me a n  of f(i), using direction set4*,“’ a n d  Latin h y p e r c u b e  sam- 
plingU a long with simulated annea l i ng metho d s ? ‘. A wide r a n g e  
of functional forms was  examined for the a g e  at infection dis- 
tribution, Weibull a n d  g amma distributions wer e  cons idered for 
the incubation period, a n d  the feed-risk protie was  fitted using 
linear s p h n e s  with optimized knot locations. Base d  o n  the mini- 
mization of the likelihood ratio x2 for all yearly cohorts, the mode l 
including 1 0% maternal transmission (E =  0.1) for the last half- 
year of the incubation period, with the functional form forf(i) a n d  
g(a) s h own in Fig. 3c, d, prov ided the best fit (x&, =  4 8 2 )  to 
o b s e r v e d  trends of BSE cases in yearly cohorts of animals (illu- 
strated in Fig. 4b). T h e  fit to the o b s e r v e d  c h a n g e s  in the a g e  
distribution of cases t h r o u g h  time is consistent with there be i ng n o  

1991 1993 1995 1997 

Yeat 

d  
0244 

008 

0.04 

Mean = 1.31 years 
Vanance=l82 years 

B(x) IS the brrth rate of cows at time x, a n d  J IS the length of time before 
case dragnosrs for which cows are assumed to b e  rnfectious to offspring 
(assumed to b e  6  months or 1  year). Other quantitres are def ined 
elsewhere in the text. c, T h e  estrmated probabrlrty density functron (PDf=) 
f(0, of the rncubatron period of BSE (gamma form). d, T h e  estimated PDF of 
the a g e  at rnfectron distribution, g(a). T h e  cumulatrve distribution functran 
has the form g(a) =  [1 - exp(-(a/r,)“)][l - exp(-(a/a,)‘-‘)]. 

(G.ylt,l = 
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c h a n g e  in the me a n  mcubat lon perrod per se. Rather, these 
c h a n g e s  are in line with standard epidemiotogicat theory: as the 
risk of Infection Increased u p  to 1 9 8 9 ,  the a v e r a g e  a g e  of infection 
decl ined a n d ,  as the risk of infectron d e c r e a s e d  after 1 9 8 9 ,  the 
a v e r a g e  a g e  of infection increased *’ Bearing in mind the prob lems 
raised by estimatmg many  parameters from a  single a g e -  a n d  time- 
structured d a t a  set, the g o o d n e s s  of fit provides a  d e g r e e  of 
conf idence in the resuttmg incidence pattern (Fig. 3~). A large 
n umber  of situations wer e  examined, including: o n e  in which 
maternal transmission is a s s umed to occur at a  rate of 1 0% over 
the last year of the incubation per iod (& =  492); the best-fit 
case, in which a  1 0% maternal transmission rate is restricted to the 
last half-year (,I& =  482); a n d  o n e  in which maternal transmis- 
sion is zero, with all transmission resulting from the consumption 
of contaminated f e e d  (I& =  492). T h e s e  x2 values rise signifi- 

cantly, regardless of model, if underreport ing is exc luded; wh e n  
included, the estimated n umber  of cases not reported before July 
1 9 8 8  is 3,240. T h e  predicted pattern of maternal infection in 
recent years IS s h own as a  proport ion of total cases a n d  infections 
in Fig 3b. Examimng predictions o n  a  finer timescale (less t h a n  
half-yearly) demonstrates ev idence of seasonality in contaminated 
f e e d  intake (Fig. 4~). If the per iod over which maternal transmis- 
sion takes place is increased, the g o o d n e s s  of fit of the mode l 
decreases (for example, x:,9 =  7 4 0 ,  for transmission a l lowed for 3  
years before BSE in the dam). 

Back-calculations of trends of infection incidence suggest that 
the f e e d  b a n  introduced in mid 1 9 8 8  h a d  a n  immediate a n d  lasting 
impact. Infection is predicted to h a v e  cont inued t h r o u g h  this 
route, a l though at a  much  r e d u c e d  level, before falling to negli- 
gible levels by mid 1 9 9 4 ,  after which n ew infections arose entirely 

a 

b  
2500 T------- 

0 2 4 6 8 IO 
Age 

2ooO0 

1988 
I 5000 c&d 

2 

+j 10000 

2 
5000 

0 ri 
1 2 3 4 5 6 7 

Age 

Year 5 lncubatlon 

0 2 
A$ 

6 a  

- Fltled - Fltled 
-Reported -Reported 

ai 83 85 87 89 91 93 
Time 

FIG. 4 a, The predlcted proportion of Infected antmals in 
each age class by birth-year cohort usingthe model with 
1 0% maternal transmlsston In the last half year of the 
mcubatlon penod of the dam. Although the proportlon of 
older Infected animals Increases In recent years, the 
number of infected animals declines over the plotted 
time period. b, The observed and expected number of 
cases of BSE by age In a senes of birth cohorts for the 
model with 1 0% maternal transmtsslon in the last half 
year of the maternal Incubation penod (overall 
& = 482). c, The estimated time series of the risk of 
Infectton through contaminated feed over rime (K(t)), 
lllustratmg the high risk during the winter months and 
the effect of the 1988 feed ban. 



from the materna l r oute ( 3 1 8 3 5 2  m  1 9 9 5 )  (Fig. 3b). T h e  large 
d ifference b e twee n  n umb e r s  infected a n d  n umb e r s  of cattle 
d i a g n o s e d  wrth BSE reflects the s h o r t  life e x p e c t a n c y  of cattle 
rc latrve to the a v e r a g e  incubation period, s u c h  that most  infected 
a n rmals  we r e  s l a u ghtered b e f o r e  exhibiting d i sease. W e  estimate 
that approx imate ly 4 4 6 , 0 0 0  ( 4 4 0 , 0 0 0 - 5 8 0 , 0 0 0 )  Infected animals 
e n t e r e d  the h uma n  food cha i n befiore the specrf i ed b o vme  offal 
b a n  at the e n d  of 1 9 8 9  (ref. 48), with approx imate ly 2 8 3 , 0 0 0  
( 2 7 0 , 0 0 0 - 3 3 0 , 0 0 0 )  mo r e  b e f o r e  the e n d  of 1 9 9 5 .  T h e  est imated 
total n umb e r  of animals infected o v e r  the per iod 1 9 7 4  to the e n d  
of 1 9 9 5  IS 90 3 , 0 0 0  (840,000-1,250.,000). Of  t h e s e  the est imated 
n umb e r  of infections arising t h r o u g h  materna l transmiss ion is 
5 , 1 0 0  ( 4 , 9 7 0 - 6 , 2 5 0 )  to the e n d  of 1 9 9 5 ,  a n d  3 4 0  ( 2 4 0 - 1 , 2 7 0 )  in the 
per iod 1 9 9 6 - 2 0 0 1 .  It ma y  t a k e  m,a n y  y e a r s  b e f o r e  a n  a c c u r a t e  
a s s e s sme n t  c a n  b e  ma d e  of whe t h e r  o r  not there is a n  ep idemic of 
a n  apparent l y  n ew variant of CJD, but if the postu lated a s s o c i a -  
tion b e twee n  the n ew variant of C JD  in h uma n s  a n d  BSE is p r o v e d  
correct*. then the n umb e r s  of infected animals that a r e  culled a n d  
h a v e  e n t e r e d  the food chain, a n d  the distribution of s u c h  n umb e r s  
b y  s t a g e s  of the incubation per iod in infected cattle ( a s s o c i a t e d  
with a  p o s s r b l e  h i gher risk later in the incubation period), a r e  of 
cons i d erab l e  public health significance. Materna l transmiss ion is 
not pred i cted to lengthen o r  i n c r e a s e  the sca l e  of the ep idemic 
(Fig. 5). 

In the rising s t a g e  of the epidemic, most  culled infected animals 
we r e  in the ear ly s t a g e s  of incubation, a lthough a s  the ep idemic 
mo v e s  mto the declining p h a s e  a  g r owing fraction a r e  in the late 
s t a g e s  (note, h owev e r ,  that the total n umb e r  of c a s e s  is declining at 
this s t a g e )  (Fig. 4~). At first sight the pred ict ions plotted in Fig. 4 a  
might b e  Interpreted a s  the risk to h uma n s  be ing g r e a t e r  in r e c e n t  
y e a r s  ( 1 9 9 1 - 1 9 9 5 )  than at the p e a k  of the ep idemic of infection 
( 1 9 8 7 - 1 9 9 0 ) .  Th is is u n h k e f y  to b e  the c a s e  b e c a u s e ,  b e f o r e  
Augu s t  1 9 8 8 ,  ammals  s h owin g  climcal s i g ns ( a n d  h e n c e  with 
v e r y  high levels in the CNS of the BSE agen t )  cou l d enter the 
food chain. T h e  specrf i c d offal b a n  c ame  into f o r c e  in 1 9 8 9 ,  a n d  
o v e r  the following y e a r s  mfecte d  bra in a n d  spinal c o r d  shou l d  h a v e  
b e e n  ehminated from the h uma n  food chain. 

F IG. 5  Pred r c t r o n s  of future trends rn the rnctdence (per year) of cases of W  
BSE an d  rnfectrons for the mode l  wrth n o  materna l transmrssron (a), 1 0%  
materna l transmrssron In the last half year of the materna l rncubatron 
period (b), a n d  1 0%  materna l transmtssron rn the last year of the materna l 
rncubatron perrod (c). In fittrng the trend to data o n  cases before 1996, the 
best frt was  achteved by the mode l  b. Error bars denote 9 5%  predrctron 
rntewals calculated as descr ibed rn Frg 3. 
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TABLE 1 Predrcted trends rn the inc idence (by year) of BSE rnfectrons (a) a n d  cases ( b )  from 1 9 9 6  to 2 0 0 1  under drfferent assumptrons 

( 8 )  

1 9 9 6  
1 9 9 7  
1 9 9 8  
1 9 9 9  
2 0 0 0  
2 0 0 1  

(b) 

1 9 9 6  
1 9 9 7  
1 9 9 8  
1 9 9 9  
2 0 0 0  
2 0 0 1  

No  materna l transmrssron 6  months, 1 0%  materna l trans. 1  year, 1 0%  materna l trans. 
Expected 9 5%  Prediction Expected 9 5%  Predrctton Expected 9 5%  Prediction 

va lue interval va lue Interval va lue interval 

0  (O-12,500) 1 8 9  (155-11,300) 2 7 0  (224-10,500) 
0  (O-0) 9 5  (63-236) 1 0 2  (75-435) 
0  (0-O) 3 8  (21-214) 3 1  (20-389) 
0  (O-0) 1 2  (5-162) 8  (5-276) 
0  (0-O) 3  (l-86) 2  (l-136) 
0  (O-0) 1  (O-33) 0  (O-49) 

No  materna l l ransmrss~on 
Expected 9 5%  Predrctron 

va lue Interval 

7,988 (7,044-9,306) 
5,573 (3,774-8,369) 
3,644 !1,654-7.762) 
1,896 (560-6,545) 

7 4 4  (15224,042) 
2 2 5  (34-1.728) 

6  months, 1 0%  materna l trans. 1  year, 1 0%  materna l trans. 
Expected 9 5%  Predrctron Expected 9 5%  Prediction 

va lue interval va lue Interval 

7,386 (6,541-8,856) 6,740 (6,085~8,291) 
4,111 (3,006-7,664) 3,145 (2,559-6,904) 
1,864 (1,153-7,025) 1,247 (960-6,365) 

6 8 2  (388-5.909) 4 5 6  (357-5,417) 
2 2 1  (128-3.660) 1 7 2  (140-3,388) 

7 2  ( 4 5 5 1 , 5 9 2 )  6 8  (56-1,499) 

Note that for the case of 1 0%  materna l transmrssron (trans.) over 6  months, the predicted n umbe r  of cases rn the period 1 9 9 7 - 2 0 0 1  IS 6,950. Se e  text 
a n d  l egends to Figs 3  a n d  5  



The future 
Extrapolation of the longitudmal trends in incidence of new 
infections (ignoring for now the impact of culling) from 1996 to 
2001 gives the pattern of infections and cases of disease detailed in 
Table 1. This includes the appropriate prediction intervals for 
models with no maternal transmission but continued risk from 
feed, contaminated feed plus 10% maternal transmission rate for 
the last half-year of maternal incubation. and contaminated feed 
plus 10% maternal transmission for the last year of maternal 
incubation. In the last two models the risk from contaminated feed 
is estimated to have fallen to zero by mid 1994; it is likely that all of 
the new infections since then have arisen through maternal 
transmission (Fig. 3b). 

In analyses to discriminate behveen different culling policies, 
optimization is based on the criteria of maximizing the number of 
BSE cases prevented and minimizing both the number of animals 
culled and the number of herds involved in the cull. In such 
calculations, several factors are important: the number of infected 
animals when the policy is implemented; the age distribution of 
infected animals; and the distribution of infection between herds. 
The first two factors can be assessed from the output of the models 
(Figs 5 and 6a, b). The predicted age distributions provide a means 
of assessing the expected impact of a cohort-targeted culling 
policy. Similarly, by distinguishing cases arising through feed or 
through maternal transmission (Fig. 3b), the expected impact of a 
maternally targeted policy can be assessed. A disease-case-herd- 
targeted policy involves identification of BSE cases over a defined 
period, and slaughtering cattle born on the same farms. A variant 
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- Policy 4 

I- Polry6 

m-d-- Poky a 

+ Poky 9 

+ Policy 12 
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FIG. 6 a, b, The predrcted age distnbubon (proportton In age class) of 
Infected anrmals after 1995 for two of the three models described In Rg. 5. 
a. No maternal transmtssron; b, 10% maternal transmrssron In the last SIX 
months of the maternal rncubatron joenod. Note that proportrons are 
plotted; the numbers of cases are small as detailed rn Table 1. c, Predrcted 
effect of selected cullrng polrcres on the future rncrdence of BSE cases, 
1997-2001 (poltcies numbered as In Table 2). d, Comparison of the 
number of BSE cases saved and the number of cattle slaughtered (log 

scale) for the dffferent cullrng polroes listed In Table 2. lh~s comparison IS 
relatrvely robust to uncertarnty as to the number of future cases, but IS 
sensitrve to the estimated dfstnbution of those cases in drfferent herds and 
age classes. The overall pattern IS one of dtmrnishing returns across all 
cullrng poltcres, because, as the number of cattle slaughtered Increases 
the number of cases Increases much less raprdly. The numbers identify the 
polrcies detailed In Table 2. 
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of this policy IS to define an incidence of BSE (number of cases in a 
defined cohort per head of cattle m the holding) above which the 
cohort is culled; this is a herd-incidence-targeted policy. 

The likely success of herd-targeted policies depends on the 
degree to which future cases are clustered in cohorts within herds 
where animals diagnosed with BSE have originated. There is an 
important distinction to be made here between the distribution of 
infected animals and the distribution of diagnosed cases of BSE. 
In roughly one-third of those herds in which BSE-diagnosed cattle 
were born, no cases have been reported resulting from movement 
of incubating cattle from those herds. Whether or not cattle 
movements are related to the detection of early signs of disease 
(before firm diagnosis) is difficult to assess, but the distribution of 
the time interval between when an animal is moved between herds 
and the date of diagnosis shows an unusual bimodal pattern with 
an early peak. This may suggest that perhaps 1% of the total 
animals with BSE had been moved between herds close to the 
point of disease diagnosis. However, animal movement may result 
in a stress-induced acceleration of the appearance of clinical signs. 
Another important factor in cohort-based herd-targeted culling 
(on the basis of diagnosed cases of disease) is the clustering of 
cases by herd size. If the distribution is clustered within all herd 
size categories then targeting is more likely to be successful in 
removing infected (but not yet diseased) animals. There is cluster- 
ing, with the distribution of case numbers in each herd size 
categoty (<SO to >200) being overdispersed with variances sig- 
nificantly greater than the respective means. This acts to enhance 
the likelihood of removing infected animals by a diseased-herd- 

b 

1 
lOO.OCO l.~.~ 1ooowmo 

Cattle culled (lq scale) 
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targeted policy, over that which would pertain if the distribution 
was random. For herd-targeted policies, calculation of the frac- 
tion of cases captured by a defined policy cannot be precise owing 
to uncertainties in the future degree of clustering. The analyses 
are based on the calculation of the fraction of cases in the targeted 
age range captured by a given policy in 1995, 1994 and 1993, as rf 
the policy had been implemented in those years, and extrapolating 
forwards. Estimates of the number of cases saved are therefore 
approximate. Most emphasis should be placed on the ranking of 
the relative efficiencies of different policies given that estimates of 
the number of holdings affected and cattle culled are fairly 
precise. 

Working on the basis of a maternal transmission rate of 10% for 
the last half-year (the best-fit model to the data), predicted 

impacts of a range of possible culling policies are compared in 
Table 2. One measure of the efficiency of any given policy is 
provided by the ratio of the number of animals culled to the 
predicted number of cases saved over the period from 1997 tmo 
2001. This ratio must be considered in parallel with the number of 
herds affected by the cull and the total number of BSE cases 
(Table 2). The predicted total number of cases yet to be diagnosed 
in the absence of culling is 6,950 (see Table 1 for prediction 
intervals). Herd-targeted policies are by this measure significantly 
better than other options (Table 2), with a herd-incidence- 
targeted policy predicted to be most ‘efficient’. For the latter 
approach, a threshold incidence of 1 case in the July 1989 to June 
1992 cohort, per 27-50 cattle in the holding as a whole is most 
efficient and also affects the smallest number of herds. In light of 

TABLE 2 Companson of possible culling polrcies 

No Cullrng poltcy descnpbon Number 

1 

2 
3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

Non-targeted 
All cattle 6,950 
Age-targeted 
All cattle born before 7/88 
All cattle born lO/QO-6/93 

250 
3,600 

Herd-targeted (case)* 
All cattle born rn herds from whtch a case ongrnated during 
3/91-KY95 
Cattle born rn the 10/90-6/91, 7/91-6192 or 7/92-6/93 
cohorts rn herds from which a case originated In the 
correspondrng cohort during &‘Ql-12/95 (govt poky) 
As 15), but extended to Include 7/89-g/90 cohort (govt 
compulsory + voluntary policy). 
Herd-targeted (incldence)‘S 

6,300 

650 

1,580 

Cattle born in 7/89-6/92 In herds wrth more than 1 case rn 
that cohort range (during l/91-12/95) per 27 cattle rn the 
holdrng as a whole. 
As 7) but wrth a threshold of 1 case per 50 cattle 
Maternally targeted5 

691 

1,420 

Cattle born after lO/QO wrthin SIX months of BSE case in the 
dam 
Cattle born after lo/90 withrn 12 months of BSE case rn the 
dam 

79711 

1,lOOll 

Combined herd-targeted and maternally targeted 
policies 
* lncrdence (1 per 27) + 5 maternally targeted poky = 
pokes 7 and 9 combrned 
* Incidence (1 per 50) + 9 maternally targeted policy = 
polrcres 8 and 9 combined 
* Govt compulsory + maternally targeted policy = polrcres 5 
and 9 combined 
* Govt inc. voluntary + maternally targeted poky = polrcres 
6 and 9 combrned 

1,490 21 < 44,ooot 0.47 < 25,500 30 

2,220 32 <94,000-t 1.0 < 26,800 42 

1,450 21 <53,0OOt 0.57 6 26,300 37 

2,380 34 < 150,000t 1.6 4 31,000 63 

Cases saved Total cattle culled 

% Number 

100 9,360,OOO 

4 352,000 
51 2,030,OOO 

90 2,870,OOO 

9 30,1001 

23 127,OOOt 

10 21,300t 

20 71,900t 

11 122,000 

22 <44,000 

No. of ongin 
% holdings 

100 111,000 

3.8 6 111,000 
22 < 111,000 

31 28,500 

0.32 1,460 

1.4 6,240 

0.23 638 

0.77 2,000 

0.24 b 22,000 

0.47 < 35,600 

Cattle culled 
per case 

saved 

1,300 

1,400 
564 

455 

46 

80 

31 

51 

28 

40 

ProJectrons are made using the model with 10% maternal transmissron over 6 months (unless otherwise stated) and refer to cases saved over the period 
1997 to 2001 achieved by a culling policy Implemented at the end of 1996, Values are to 3 srg. figs, percentages to 2 srg. figs. 

* These proJecttons require estimates of the fraction of cases captured by a &eased-herd-targeted policy. These estrmates were obtained by calculatmg 
the appropnate fraction for the year-s 1995,1994, and 1993 (had the policy been implemented In those years) and extrapolating to 1996. In cases where 
the exact date of birth of a case was not listed in the database, this was calculated from the estimated age. 

t Using age structure of BSE-infected herds calculated from lactatron data collected by CVL. 
$ lnctdence IS calculated from cases in specrfred cohort range, but usrngthe total number of all anrmals on each holding as estimated from the BSE c.ase 

database, srnce relrable estimates of total numbers of animals In the targeted cohort on each holding are not available. For holdrngs with multrple herds, the 
estrmated size IS the sum of the sizes of the constrtuent herds that appear in the database, so if herds wrthin a holdtng have not reported a case, they are not 
rncluded In the estimate of holdrng size. Two representative polrcres are shown here, illustratrng that by lowenng the rncrdence threshold for cullrng, more 
cases are saved, but at the cost of drsproportronately more animals culled. 

5 Runnrng policy (cullrng until 2001). Other policies rnvolve one-off cull in 1996. 
/j Assuming 6 month rnfecbous (period for maternal transmission. 
ll Assumrng 10% maternal transmlsslon occurs in the last 12 months of incubation period and calculated from corresponding model (predicting 5,100 

cases total in 199772001). 
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recent evidence for maternal transmission’, consideration must be 
given to augmenting policies by culling cattle in given cohorts born 
to dams who subsequently developed BSE (a maternally targeted 
pohcy) Maternal targeting IS very efficient and is predicted to 
reduce to almost zero the number of new infections arising over 
the period 1997 to 2001, but a large number of herds would be 
affected by the cull. Combining a herd-incidence-targeted policy 
with a maternally targeted policy is predicted to maximize efficiency. 

Conclusions 
The epidemic of BSE in British cattle seriously affected both 
animal health and Europe’s agricultural industry. However, the 
epidemic is well past its peak, and seems to be in a phase of rapid 
decline. New infections from contaminated feed are predicted to 
be close to zero by the end of 1994, with all new cases of infection 
arising from maternal transmission. However, the numbers are 
small (Table 1) and this route of infection by itself cannot sustain 
the epidemic. To accelerate the rate of decline of the epidemic 
(Fig. 6c) without the slaughter of ,a very large number of animals 
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